Abstract: Ultrafast wavelength-tunable optical measurements on semiconductor nanowires allow us to independently probe the dynamics of electrons, holes, and defect states. These investigations reveal the influence of two-dimensional confinement on carrier dynamics in these nanosystems.
Semiconductor nanowires (NWs) have attracted much recent attention as growth techniques have matured, enabling the fabrication of high quality NWs and nanowire-based devices. This has made fundamental studies possible [1] [2] [3] [4] [5] and led to a number of potential applications for these one dimensional systems. Arguably the most promising application of semiconductor NWs is in the area of nanophotonics, where they can serve as multifunctional building blocks in the drive to integrate photonic and electronic devices on a single chip. However, further development and optimization of NW-based nanophotonic devices will depend critically on an understanding of carrier relaxation in these systems. For example, GaN-based photonic devices typically exhibit "yellow luminescence" (YL), in which a broad luminescence band centered at 550 nm that is believed due to deep acceptor states reduces device efficiency [6] . Ultrafast optical spectroscopy can shed light on this problem by measuring carrier transfer into and out of these states, which will be important in understanding this phenomenon and optimizing device performance.
In this work, we extend our previous optical pump-probe measurements on semiconductor nanowires [5] by tuning various experimental parameters while varying the NW size or annealing temperature. Advances in growth technology have enabled the fabrication of high quality vertically aligned NWs with well controlled diameters. This allows us to examine the size dependence of carrier dynamics in Ge NWs. In addition, we can separately probe electron and hole dynamics parallel and perpendicular to the NW axis by varying the pump and probe wavelength, polarization, and incidence angle. Finally, time-resolved measurements on GaN NW before and after annealing allow us to examine the effects of annealing on carrier relaxation to the defect states responsible for YL.
Ultrafast optical experiments were performed at room temperature on single crystal germanium and gallium nitride nanowires grown by chemical vapor deposition using the vapor-liquid-solid (VLS) mechanism. GaN NWs were grown at 780 ºC on r-plane sapphire substrates using seed Ni nanoparticles (Figure 1 (a)) [6] and scraped onto transparent MgO substrates, resulting in a low density of randomly oriented NWs. The GaN NWs have triangular cross sections, with typical diameters of ~10 nm near the tip and ~200-400 nm near the base; they were grown to lengths of ~5 Pm. Gold nanoparticles were used to seed the growth of vertically aligned Ge NWs on Si (111) substrates [7] . Two samples were fabricated, with average NW diameters of 18 and 30 nm, respectively, and lengths of ~1.6 Pm. The optical pump-probe system is based on a 100 kHz regeneratively amplified Ti:sapphire laser system producing 50 fs, 10 PJ pulses at 800 nm that concurrently pumps two optical parametric amplifiers, enabling measurements with independently tunable pump and probe wavelengths from 400 nm to 2.4 Pm. We performed 385 nm pump, 550 nm probe experiments in transmission on GaN NWs (Figure 1(b) ) to determine the effects of annealing on carrier transfer to the yellow luminescence band. The pump excites carriers at 
CWC4.pdf
978-1-55752-859-9/08/$25.00 ©2008 IEEE the bottom of the GaN conduction band, with the probe wavelength set to the peak of the YL band to track carrier dynamics in these defect states. The rise time of both signals is 400 fs, corresponding to the time for carriers to populate the deep acceptor states responsible for YL. The initial sub-ps relaxation is due to electron-phonon relaxation, with the subsequent decay of 6-10 ps resulting from surface recombination and trapping. The slow decay is due to electron-hole pair recombination. It can be seen from Fig. 1(c) that annealing causes surface recombination and trapping to proceed more quickly and recombination to occur more slowly. This supports the idea that postgrowth annealing may provide a degree of control over the nature of defect states in GaN nanowires. Previous theoretical work on bulk Ge [8] has demonstrated that after 800 nm excitation, electrons scatter to the conduction band minimum at the L point and holes scatter from higher energies to the valence band maximum at the * point within 4 ps due to the indirect nature of the band gap. A probe wavelength of 550 nm will thus only be sensitive to electron dynamics at the L point, while a wavelength of 1200 nm is only sensitive to hole dynamics at the * point. Figure 2 (a) depicts 800 nm pump, 550 nm probe measurements in reflection on as-grown 18 and 30 nm diameter Ge nanowires and an undoped reference Ge substrate. It is clear that after the initial rise in the signal, the transient decays most rapidly for 18 nm NW, followed by 30 nm NW and finally bulk Ge. This was also observed at a probe wavelength of 1200 nm, strongly indicating that after the first few picoseconds, surface recombination dominates carrier dynamics in Ge NWs.
Carrier dynamics perpendicular and parallel to the axis of the vertically aligned NW can be probed by varying the incidence angle and polarization of the pump and probe beams. Figure 2 (b) depicts 800 nm pump, 1200 nm probe measurements at a large angle of incidence. In this configuration, s polarization refers to a beam polarized perpendicular to the NW axis, while p polarization refers to a beam that has components polarized both perpendicular and parallel to the NW axis. From Fig. 2(b) , it can be seen that the 'R/R signal decays most rapidly when both pump and probe are s polarized, while the decay is slowest when both pump and probe are p polarized (this was also observed for the 550 nm probe). This suggests that carriers propagating orthogonal to the NW axis rapidly recombine at the surface, while carriers that propagate parallel to the NW axis can travel in one dimension for a longer distance before recombining.
In conclusion, we have performed ultrafast optical spectroscopy on Ge and GaN NW while varying growth and experimental conditions. Time-resolved measurements on GaN NWs indicate that post-growth annealing alters the role of defect states in carrier relaxation. In Ge NWs, we are able to isolate electron and hole dynamics perpendicular and parallel to the NW axis, revealing the influence of two dimensional confinement on carrier relaxation. Future experiments will focus on varying material parameters such as the nanowire composition, doping, heterostructure, and growth temperature to further elucidate carrier dynamics in these novel systems.
